Sphingolipids and their metabolites have been shown to function as essential intracellular mediators of cell differentiation and apoptosis (1, 5, 6) . Orally administered mammal-origin sphingolipids undergo hydrolysis via the action of intestinal enzymes for subsequent uptake by mucosal cells (7) (8) (9) (10) (11) . The intake of sphingomyelin and glycosphingolipid from bovine milk has been shown to exert anti-carcinoma effect in vivo (12) (13) (14) and this has consequently prompted considerable attention and research on dietary sphingolipids as functional lipids.
There is indication that apoptosis of cancer cells may possibly bear some relation to sphingolipids from animal tissues (15, 16) . Ahn and Schroeder noted ceramide, sphingosine and sphinganine to induce apoptosis in HT-29 and HCT-116 human colon cancer cells (17) . The mechanism for apoptosis by sphingoid bases may possibly involve regulation of cell cycles or activation of Caspase-3 or 9, but detailed clarification of these points awaits further study.
Schmeltz et al. observed sphingosine to decrease intracellular b-catenin content in SW-480 and T-94 human colon cancer cell lines (13) . b-Catenin has been noted to be digested by activated Caspase-3 in early apoptosis (18) . Sphingosine induces Caspase-3 activity (19) . These findings prompted the present authors to examine the manner in which sphingosine and bcatenin may be related to apoptosis.
In healthy humans, the average daily intake of plantorigin sphingolipids has been shown to be 50 mg (20) . Consequently, study should be made to clarify how plant sphingoid bases bring about the inducement of apoptosis in cancer cells. A plant sphingoid base fraction was previously shown to induce apoptosis in DLD-1 cells (21) . In the present study, we used the Caco-2 colon cancer cell line, which undergoes cell cycle arrest and differentiation along the absorptive cell lineage with time in culture, modeling the phenotypic changes that absorptive cells undergo as they migrate along the crypt axis toward the lumenal surface (22) . No reports appear in the literature on apoptosis inducement by plant and fungus sphingoid bases in Caco-2 cells. Thus, in this study, examination was initially carried out on the effects of plant and fungus sphingoid bases on cellular proliferation and apoptosis in Caco-2 cells and comparison was made of apoptosis-inducing activity of sphingoid bases in differentiated and undifferentiated Caco-2 cells.
Experimental 1 Separation of Plant and Fungus Sphingoid Bases
The sphingoid bases in this study were obtained from maize seeds and Kluyveromyces lactis (K. lactis) cerebrosides. trans-4, trans or cis-8-Sphingadienine and 4-hydroxy-trans or cis-8-sphingenine were the major bases from maize seeds with trans-4, trans-8-sphingadienine and 9-methyl-trans-4, trans-8-sphingadienine as those from K. lactis. Plant cerebroside purification was conducted as done previously (3, 23) . To isolate sphingoid bases without the presence of any artificial isomer, strong alkaline hydrolysis was carried out on the cerebrosides (10% aqueous Ba(OH) 2 /dioxane, 1:1 (v/v), 24 h at 110 ) (24), followed by extraction of dihydroxy sphingoid base fractions with diethyl ether and purification by preparative TLC (25) . Single molecular species from each of the two sphingoid base sources was purified by reversed-phase HPLC. The HPLC system was comprised of a LC-10AD pump (Shimadzu Co., Kyoto, Japan), an SPD-10A ultravioletvisible (UV-VIS) absorbance detector (Shimadzu Co., Kyoto, Japan). An ODS column (TSKgel-ODS 80Ts, 250 4.6 mm, TOSOH, Tokyo, Japan) was eluted with methanol / 5 mM potassium phosphate buffer, pH 7.5 (82:18, v/v) at 1.0mL/min. The eluent was monitored at 210 nm.
Cell Cultures
Caco-2 cells from the Riken Gene Bank (Tsukuba, Japan) were maintained in DMEM supplemented with 10% FCS, 2 mM glutamine and 0.1 mM nonessential amino acids. Caco-2 cells were maintained at 37 in a humidified atmosphere containing 5% CO 2 . For routine maintenance, Caco-2 cells were passaged at 1:3 by trypsinization immediately prior to confluence. For spontaneous differentiation, the time at which the cells initially reached confluence as determined by light microscopy was designated day 0 and at 21 days thereafter, the cells were differentiated. 
4 Cytosolic b-Catenin Determination
Cytosolic b-catenin was detected as reported previously (13) . Briefly, cells were seeded in 100-mm dishes (1.5 10 6 cells) and on the following day, the medium was removed and new medium added with 0-50 mM sphingosine. At 12 h, the cells were scraped off the plates and lysed with hypotonic lysis buffer (1 M NaCO 3 , 10 ml/ml Protease Inhibitor Cocktail for use with mammalian cell and tissue extracts (Sigma, MO)) for 30 min on ice. After being passed through a 20-gauge needle (10 times), the lysates were centrifuged (2,000 g for 5 min) and the supernatants removed and centrifuged at 4 for 30 min at 15,000 g. Equal amounts of protein were separated on a 12.5% SDS gel, transferred to nitrocellulose (Bio-Rad Laboratories, CA) and immunoblotted with monoclonal anti bcatenin antibody (clone 15B8, Sigma Chemical Co., MO), and horseradish peroxidase-conjugated secondary antibody (Amersham Biosciences Corp., NJ). The bands were visualized by enhanced chemiluminescence (Amersham Biosciences Corp., NJ), recorded onto Xray film and identified by comparison with commercially available protein standards (Bio-Rad Laboratories, CA).
5 Statistical Analysis
Statistical analysis was performed using ANOVA, followed by the Scheffe test. A P-value less than 0.05 was considered statistically significant.
Results

1 Effects of Sphingoid Bases from Plant
and Fungus Cerebrosides Cellular proliferation was found significantly suppressed by a 20 mM dihydroxy type sphingoid base from maize cerebroside in Caco-2 cells (data not shown). Morphological criteria of nuclei of Caco-2 cells treated with 20 mM dihydroxy type sphingoid base followed by DAPI staining indicated aggregated and fragmented nuclei (Fig. 1) . Subsequent to nuclear staining by TUNEL (6) only fragmented DNA could be seen (Fig. 1) . From these findings, plant sphingoid bases are clearly shown to induce apoptosis in Caco-2 cells. Apoptotic cells increased time-dependently as follows: 6 h: 3.1%, 24 h: 11.6% and 48 h: 16.2% (Fig. 1) . Inducement was also noted to be dose-dependent. But at high doses, sphingoid bases (50 mM) brought about necrosis-like cell death and apoptotic cell concentration varied (data not shown). The conditions for the inducement of apoptosis were thus established as follows: sphingoid base dose and incubation time, 20 mM and 24 h, respectively.
To clarify the involvement of the caspase pathway in sphingoid base inducement of Caco-2 apoptosis, the effects of the caspase inhibitor on apoptosis were examined. Sphingosine-induced apoptosis via Caspase-3 in several cell lines has been reported (19, 27) . Thus, in the present study, the Caspase-3 inhibitor ac-DEVD-CHO was used (6) . With 10 mM ac-DEVD-CHO, maize cerebroside sphingoid base apoptosis inducement was suppressed 50%, compared with that under control conditions (Fig. 2) . It would thus appear that various sphingoid bases induce apoptosis via the Caspase-3 pathway.
2 Effects of Plant and Fungus Sphingoid
Bases on Cytosolic b-Catenin Colon cancer cells generally show increase in cytosolic b-catenin. Excessive cytosolic b-catenin is translocated from the cell cytoplasm to the nucleus so as to induce gene expression. This causes cellular proliferation with consequent suppression of apoptosis in cancer cells. Sphingosine was previously shown to reduce cytosolic b-catenin in SW480 cells (13) . Thus, in this study, examination was made of the effects of sphingoid bases from plants and fungi on cytosolic b-catenin content in Caco-2 cells by western blot analysis.
The results obtained are shown in Fig. 3 . Cytosolic b-catenin was also noted to be reduced by sphingosine and plant and fungal sphingoid bases dose-dependently. Sphingoid bases from various biomaterials are thus shown to reduce cytosolic b-catenin and may possibly control apoptosis via b-catenin in the signal transduction pathway. sphingadienine and trans-4, cis-8-sphingadienine) and yeast, K. lactis (trans-4, trans-8-sphingadienine and 9-methyl-trans-4, trans-8-sphingadienine) was purified using preparative TLC and reversed-phase HPLC. Apoptosis inducing activity for these sphingoid bases and animal origin sphingoid bases (sphingosine and phytosphingosine) was then compared. Plant sphingoid base induced apoptosis in Caco-2 cells was found to be as follows: trans-4, trans-8-sphingadienine, 11.5% 1.4; trans-4, cis-8-sphingadienine, 13.0%
1.8 and 9-methyl-trans-4, trans-8-sphingadienine, 13.4% 0.3 (means SD) ( Table 1) . The values for trans-4, cis-8-sphingadienine and 9-methyl-trans-4, trans-8-sphingadienine were significantly higher than for trans-4-sphingenine. It thus clearly follows then that sphingoid bases from plants and fungi express apoptosis-inducing activity in human colon cancer cells. absorptive cells were examined during the course of migration along the crypt axis toward the lumen surface, using the absorptive model system for human colon (22, 28) . Comparison of sphingoid bases for apoptosis inducement capacity in undifferentiated and differentiated Caco-2 cells is shown in Fig. 4 . In differentiated Caco-2 cells, apoptosis inducement subsequent to trans-4-sphingenine, trans-4, trans-8-sphingadienine and 9-methyl-trans-4, trans-8-sphingadienine addition was noted to greatly decrease compared to undifferentiated Caco-2 cells. Differentiated Caco-2 cells whose morphological and biochemical properties change in the same manner as with normal colon cells, showed no apoptosis inducement due to sphingoid bases from plants and fungi. Thus possibly, these bases from various biomaterials may induce apoptosis only in active cancer cells.
4 Effects of Plant and Fungus Sphingoid Base in Differentiated Caco-2 Cells
Discussion
A sphingoid fraction from wheat flour cerebroside was previously shown to clearly induce apoptosis in human colon cancer cells, DLD-1 (21) . The present study demonstrates apoptosis-inducing activity of a single molecular species from each of various sphingoid bases from plants and fungi, as also noted for phytosphingosine (29) and sphingosine (16) ( Table 1) . A mixture of 8-unsaturated sphingoids (trans-8-sphingenine or cis-8-sphingenine ) (21) as well as dimethylsphingosine (30), sphinganine (17) and stealoylamine have been shown to bring about apoptosis, though octylamine (27) has not been shown to do so. trans-4, trans-8-Sphingadienine, trans-4, cis-8-sphingadienine and 9-methyl-trans-4, trans-8-sphingadienine in this study were all found to induce apoptosis. It thus follows that C18 free amine linked components have apoptosisinducing activity in cancer cells but not short chain amino linked components. The main component in plant and fungus sphingoid bases is C18 and consequently, all sphingoid bases should be capable of exerting anti-carcinogenic effect in proportion to the capacity for apoptosis-inducement.
To confirm apoptosis-inducing activity toward cancer cells in vivo following plant and fungus sphingoid base ingestion, the mechanisms for the digestion and absorption of dietary sphingolipids should first be determined, which has not been done to date. Cerebrosidase and ceramidase-like activity has been demonstrated in the intestine and sphingoid bases and ceramides are present in feces, according to sphingolipid-feeding experiments (12) . Dietary cerebrosides may possibly undergo digestion in the alimentary canal. Nilson et al. found intestinal absorption of dietary sphingolipids to occur only slightly (7, 31) . Dietary sphingolipids from plants and fungi are thus digested into sphingoid bases by intestinal enzymes and microflora and are not absorbed onto the small intestine. Consequently, anti-carcinogenic effect on large intestine may be expected.
Ceramides may be expected to induce apoptosis in numerous cell lines (32) . Apoptosis-inducing activity of ceremides from maize cerebroside was examined here by Smith degradation (33) Caco-2 cells could be detected (data not shown). In general, ceramides consist of long-chain fatty acids (>C8) and are incapable of permeating membranes. Dietary ceramides may thus possibly have apoptosisinducement capacity. Ceramides having isopentadecanoic acid have recently been shown to induce apoptosis in HL-60 cells (34) . Major fatty acids in plant cerebroside were each found in this study to have 2-hydroxy fatty acid but none of which were capable of inducing apoptosis. The manner in which apoptosis inducement is related to ceramide structure should be clarified through use of single molecule species from sphingoid base sources.
Sphingoid bases are shown by the present study to induce apoptosis to a much lesser extent in differentiated Caco-2 cells compared to the undifferentiated state (Fig. 4) . Cytosolic b-catenin decreased in Caco-2 cells following sphingoid base addition (Fig. 3) . Abnet et al. noted differentiated Caco-2 cells as a model of normal colon cells to reduce cytosolic b-catenin (22) . bCatenin is a key-molecule for colon cancer (35) and genes (36) such as APC which is important for bcatenin degradation and b-catenin undergo mutation in many colon cancer cells. When APC is mutated, bcatenin accumulates in the cytoplasm. Excessive cytosolic b-catenin is thus transferred to the nucleus to activate cell cycle related proteins, and induce cell proliferation via the Wnt/b-catenin signaling pathway. Down regulation of cytosolic b-catenin consequently suppresses the cell cycle. The importance of the cell cycle in apoptosis inducement has been demonstrated (37) . In various cell lines, arrest of the cell cycle induces apoptosis; that is, serum or growth factor deprivation occurs (26) . Sphingosine directly activates Caspase-3 and 6 (19, 27) . Caspase-3 may possibly be inhibited by b-catenin (18) . The present authors thus consider sphingoid base-induced apoptosis to not only directly activate (Fig. 2) but also to regulate and control the cell cycle via the Wnt/b-catenin signaling pathway and to activate Caspase-3 by reducing cytosolic b-catenin. The possibility of linkages among sphingoid bases, bcatenin and apoptosis will be taken up in a future study.
The results of the present study indicate the following: (a) sphingoid bases from plants and fungi induce apoptosis and reduce cytosolic b-catenin in Caco-2 cells; (b) differentiated Caco-2 does not undergo apoptosis inducement via sphingoid base. It follows then that edible plant and fungus sphingolipids may be considered functional lipids and the apoptosis-inducing pathways by sphingoid bases may be related to signal transduction via b-catenin. , trans-4, trans-8-sphingadienine; 9-Me d18:2 4t, 8t
, 9-methyl-trans-4, trans-8-sphingadienine. The method of differentiation of Caco-2 cells was described in Experimental.
